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Abstract
Background: The Gorkha, Nepal Mw 7.8 earthquake of 25 April 2015 triggered a large number of coseismic
landslides in a broad area. Two highways, Araniko Highway and Pasang Lhamu Highway, that connect Tibet
of China and Nepal, were affected seriously by these landslides. The purpose of this study was to investigate
the landslide damage along the two highways, construct a detailed and complete inventory of coseismic
landslides in the 5-km buffer area of the Araniko Highway, and perform a regional assessment of landslide
hazard in the affected area.
Findings: Based on visual interpretation of high-resolution satellite images, field investigations, and GIS technology,
we investigated the coseismic landslides along the Araniko Highway and Pasang Lhamu Highway. A detailed point-
based inventory of coseismic landslides was constructed and spatial distributions of the landslides were analyzed.
Correlations between the landslides and five controlling factors, i.e. elevation, slope angle, slope aspect, lithology, and
seismic intensity, were illustrated statistically which permitted to assess landslides hazard in a larger rectangle area.
Conclusions: We examined the coseismic landslides of the 2015 Gorkha earthquake that blocked or damaged the
Araniko Highway (117.3 km) and Pasang Lhamu Highway (139.3 km) in Nepal. Results show 35 coseismic landslides
damaged the Araniko Highway along a total length 1,415 m. The total volume of them was estimated to be 0.37
million m3. We delineated 89 coseismic landslides that damaged the Pasang Lhamu Highway, where the total length
of the damaged or buried roads is about 2,842 m and the total volume of the 89 landslides is about 1.47 million m3. In
the 5-km buffer area along the Araniko Highway, we mapped 3,005 landslides caused by the Gorkha earthquake. The
landslide number density of the study area is 2.925 km-2. The places with elevations 2,000-2,500 m have the highest
landslide concentration. Landslide number density values increase with the slope angle. The slope aspects E and SE
correspond to the highest concentrations of coseismic landslides. The underlying bedrock of Precambrian rocks-1 (Pc1)
registered the largest landslide number density. The area of seismic intensity IX has a much higher LND value than that
of the intensity VIII. We used the weigh index method to perform landslide hazard assessment in the 5-km buffer area
on either side of the highway, which shows a success ratio of 85.9%. This method has been applied to a larger area
mainly encompassing Rasuwa and Sindhupalchok counties of Nepal.
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Introduction
The 25 April 2015 Gorkha, Nepal Mw 7.8 earthquake
caused more than 8,800 fatalities and enormous eco-
nomic losses. It also triggered a large number of coseis-
mic landslides, mainly shallow and disrupted landslides
and a few deep-seated landslides, some of which buried
villages, roads, and valleys (Hashash et al. 2015; Moss et
al. 2015; Dahal 2016; Gnyawali et al. 2016; Martha et al.
2016; Wang et al. 2016; Xu et al. 2016a). The affected
areas include Central Nepal and Gyirong and Nielamu
counties of southern Tibet, China. The coseismic land-
slides seriously damaged two highways, Pasang Lhamu
Highway and Araniko Highway, connecting China and
Nepal. After the event, several research teams carried
out field investigations of seismic damages and
earthquake-triggered landslides (Collins and Jibson 2015;
Hashash et al. 2015; Sun and Yan 2015; Kargel et al.
2016; Lacroix 2016; Sharma et al. 2016). Until now, how-
ever, little work focuses on the landslides that damaged
these two highways. Although the materials of the
coseismic landslides blocking the two main roads have
been cleaned up in time, some new landslides were trig-
gered by aftershocks or strong rainfalls, resulting in fur-
ther damage. Therefore, identifying the landslides
destroying the roads and assessment of landslide hazard
is very important for prevention and mitigation of future
geologic hazard around these two roads. In this work,
we firstly identified the coseismic landslides that
destroyed the Lhamu Highway and Araniko Highway
using field investigation and visual interpretation of sat-
ellite images. Then we constructed a detailed inventory
map containing 3,005 individual coseismic landslides in
Fig. 1 Shaded topographic relief map showing the study area (big black box) and two highways
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the buffer area of 5 km to the Araniko Highway. Next,
correlations between the 3,005 landslides and five land-
slide controlling factors were analyzed. Finally, we per-
formed landslide hazard assessment for a larger area




Despite its large magnitude, the Gorkha earthquake did not
produce visible ruptures on the surface, which was confined
to the subsurface at depths 10–15 km (Angster et al. 2015;
Avouac et al. 2015; Hashash et al. 2015; Parameswaran et
al. 2015; Duputel et al. 2016; Elliott et al. 2016). The
earthquake-affected area is mainly in the east to the epicen-
ter (28.23°N, 84.731°E), likely associated with the eastward
rupturing directivity (Wang and Fialko 2015; Koketsu et al.
2016), from which we selected is a rectangular area as
the study area, which has a length of 113 km in east-
west direction and width of 92 km in north-south dir-
ection (Fig. 1), covering 10,396 km2. From north to
south, the elevation of the study area generally de-
clines from 7,975 m to 387 m, i.e. more than 7,500 m
elevation drop in an about 100 km-wide zone. The
Fig. 2 Maps showing controlling factors of coseismic landslides of the study area. a Elevation. b Slope angle. c Aspect. d Lithology
(sources are mentioned in the text)
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area encompasses the Rasuwa and Sindhupalchok
counties of Nepal (Fig. 1). The Araniko Highway
passes through Sindhupalchok county and the Pasang
Lhamu Highway passes through Rasuwa county, re-
spectively. Based on the seismic intensity map released
by the China Earthquake Administration (www.cea.-
gov.cn), most of the study area lies in the IX intensity
zone, and part in VIII and VII intensity zones (Fig. 1).
Data
The satellite images for landslide interpretation are
from the Google Earth (GE) platform. After the earth-
quake occurred, several organizations have imple-
mented specialized tasks to obtain post-earthquake
satellite images. Some of the images with very high
resolution (1 m or better) are available on the Google
Earth platform. In addition, pre-earthquake images
with high quality and resolution in the area are also
available on the GE platform. These images allow re-
searchers to map co-seismic landslides conveniently
and accurately. The regional DEM for analyzing cor-
relations between topography and coseismic landslides
were derived from SRTM DEM in 3-arc-second reso-
lution (Fig. 2a). The slope angle map (Fig. 2b) and as-
pect map (Fig. 2c) were derived from the regional
DEM on the GIS platform. The geologic map (Fig. 2d)
of the study area was clipped and revised from




In this study, we used two methods to identify
landslides, i.e. visual interpretation of pre- and post-
earthquake satellite images and field investigation. Com-
puter screen-based visual interpretation of satellite
images is the most widely used method for earthquake-
triggered landslide mapping which permits to prepare
high-quality landslide inventories (Xu 2015). As a sup-
plement and verification of results from visual interpret-
ation, we carried out several days of field investigation
mainly along the Pasang Lhamu Highway and Araniko
Highway.
Spatial distribution and hazard assessment of landslides
The Gorkha, Nepal earthquake affected a very large area
about tens of thousands of square kilometers. Immediately
after the quake, it was difficult to construct a detailed and
complete landslide inventory throughout the affected area.
Fortunately, spatial distribution of the partial affected area
can represent the overall spatial patterns of landslides
under some conditions (Lee et al. 2008; Xu et al. 2013a).
Therefore, we selected a 5-km buffer area on either side of
the Araniko Highway to construct a detailed landslide in-
ventory. Although we prepared a polygon-based inventory
of landslides that directly damaged Araniko Highway and
Pasang Lhamu Highway, we chose point-based inventory
of coseismic landslides and landslide number density
(LND, defined as the number of landslides per square
kilometers (Xu et al. 2013b) to conduct analysis of the
spatial distribution and hazard assessment of landslides.
The reasons include: (1) The precise source area of a land-
slide is very difficult to be distinguished from the whole
landslide area because the boundaries of the source area,
movement area, and accumulation area of the landslide
are usually in the subsurface, thus cannot be exactly delin-
eated, which perhaps reduce the objectiveness of land-
slides hazard assessment. (2) Preparation of a point-based
landslide inventory is relatively time-saving, permitting to
carry out a quick regional assessment of earthquake-
triggered landslides. Five controlling factors, including ele-
vation, slope angle, slope aspect, lithology, and seismic in-
tensity were taken into account for a statistical analysis.
Currently, many statistical methods are available for land-
slide hazard assessment (Xu et al. 2012; Feng et al. 2016;
Pathak 2016; Tsangaratos and Ilia 2016), among which the
(a)                               (b) 
500m 
N 
Fig. 3 Coseismic landslides at the Araniko Highway. a Satellite image of 4 May 2015. b Field photo of 14 June 2015 (by Chong Xu, view to south). The
solid and dotted arrows in (a) and (b) show the same places, respectively
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bivariate statistical analysis method has been widely used
in various areas because it is time-saving and does not
need complex calculations (Xu et al. 2013b). In this study,
a weight index (WI) model was employed to perform
landslide susceptibility mapping in the 5-km buffer area
aforementioned. This WI method is based on a bivariate
statistical analysis based on calculating landslide number
density (LND). In this method, the weigh value of each
factor class is defined as the natural logarithm of the LND
in the class divided by the LND of the whole area (Sarkar
et al. 2008; Yalcin 2008; Xu et al. 2013b):
WIi ¼ ln LNDi=LNDð Þ
¼ ln LNi=Areaið Þ= LN=Areað Þð Þ ð1Þ
where WIi is the weight of the factor-class i, LNDi is the
landslide number intensity within the area of the ith fac-
tor class, and LND is the landslide number intensity in
the whole area. In this study, the value of LND is 3,005/
1,027.4 km2 = 2.925 km-2.
Findings, results and analysis
Landslides on satellite images
In this section, we present several groups of comparisons
of satellite images and field photos of coseismic landslides
to illustrate the excellent capacity of detecting coseismic
landslides on high-resolution satellite images. The satellite
images used in this study are from the GE platform col-
lected in early May, 2015. The red solid arrow on Fig. 3
shows a coherent landslide (27.87°N, 85.911°E) with clear
exposed bedrocks in the landslide source area and partly
damaged vegetation stayed at its deposit area. The red
dotted line defines several shallow, disrupted landslides
along the Araniko Highway road. Due to the high reso-
lution and quality of the satellite image, the locations and
boundaries of the landslides can be mapped correctly and
conveniently on the ortho images.
Figure 4 shows two rockfalls (27.927°N, 85.932°E)
occurred on the upper slope at an inspection station of
Nepal, which originated from nearby the ridge of the re-
verse slope and accumulated into two conical heaps with
two narrow runout paths. The broken accumulate
(a)                                (b) 
N 
200m 
Fig. 5 A series of shallow, disrupted landslides blocking the Pasang Lhamu Highway. a Satellite image of 3 May 2015. b Field photo of 15 June 2015
(by Chong Xu, view to southeast) showing the road was blocked by a secondary landslide caused by a heavy rainfall. The red solid arrow in (a) shows
the location of field photo in (b)
(a)                                  (b) 
300m 
N 
Fig. 4 Rockfalls on the upper slope of an inspection station of Nepal. a Satellite image of 4 May 2015. b Field photo of 14 June 2015 (by Chong Xu,
view to northwest). The solid and dotted arrows in (a) and (b) indicate the same places, respectively
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materials are dangerous for the structures on the toe of
the slope. Despite different expressions of the rockfalls on
the image and field photos due to the image stretching
caused by steep topography, the rockfalls can be easily
identified on the satellite image with the aid of field inves-
tigations. They have short runout distances on the image,
whereas the actual runout distances of them are likely lon-
ger. This is because the slope of the rockfalls occurrence is
almost vertical. Small rockfalls or falling stones are more
susceptible than large deep-seated landslides on such a
reverse slope.
After the main shock, a series of aftershocks and rain-
falls struck the affected area and caused more landslides.
For example, the satellite image of 3 May 2015 (Fig. 5a)
shows quite a few shallow, disrupted landslides (located at
28.064°N, 85.225°W) that occurred in weathering layers
(a)                                (b) 









Fig. 7 Damaged sites along Araniko Highway by coseismic landslides have been seen on satellite images. The detailed information of the landslides
and associated damages on the road is listed in Table 1. a the No. 1, 2, and 3 landslides, (b) the No. 21, 22, and 23 landslides, (c) the No. 24, 25, 26, and
27 landslides, and (d) the No. 31, 32, 33, and 34 landslides along Araniko Highway. All the satellite images were acquired on 4 May, 2015
(a)                                  (b) 
600m 
N 
Fig. 6 An area characterized by high density of coseismic landslides. a Satellite image taken on 3 May 2015. b Field photo taken on 15 June 2015
(by Chong Xu, view to west). The solid and dotted arrows denote the same places, respectively
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and blocked the Pasang Lhamu Highway. Fig. 5b shows
the road was blocked by a secondary landslide caused by a
heavy rainfall in the area. Information from local residents
suggests that the landslide accumulation material that
blocked the road was not triggered by the main shock, but
by a strong rainfall a few days before. All the landslide
materials related to the main shock and subsequent trig-
gers blocking the roads have been cleared up or were be-
ing cleared away in time to keep the traffic flowing.
The satellite image (Fig. 6a) shows an area with high
density of coseismic landslides, dominated by shallow,
disrupted landslides. The red solid arrows wherein
Table 1 Information of damage along the Araniko Highway and associated coseismic landslides
No. Longitude (°) Latitude (°) Length of road damaged (m) Area (m2) Estimated volume (m3)
1 85.98343 27.9868 45 29131 50000
2 85.98196 27.98562 52 6180 12000
3 85.9791 27.98369 35 22953 60000
4 85.96235 27.97215 16 3648 6000
5 85.96186 27.97166 27 3756 7000
6 85.96482 27.96926 29 8383 20000
7 85.96511 27.96912 30 ditto ditto
8 85.95799 27.96591 10 435 400
9 85.93064 27.91744 156 31816 20000
10 85.92627 27.91352 19 4233 8000
11 85.9227 27.90877 5 972 1000
12 85.92241 27.90828 27 2271 3000
13 85.9222 27.9079 33 2630 4000
14 85.91496 27.8927 10 15890 30000
15 85.91307 27.88253 30 1739 2000
16 85.90599 27.87934 46 12025 30000
17 85.90493 27.87892 12 268 200
18 85.90185 27.87782 115 6224 10000
19 85.89957 27.87686 49 4245 6000
20 85.89595 27.87602 15 303 200
21 85.88781 27.87385 95 9237 20000
22 85.88341 27.87226 25 608 500
23 85.88309 27.87113 20 3583 5000
24 85.88062 27.85115 43 3805 5000
25 85.88092 27.85034 94 7461 15000
26 85.88045 27.84828 54 9367 20000
27 85.88063 27.84779 42 7061 15000
28 85.87291 27.82729 57 3399 5000
29 85.87352 27.82707 43 3094 5000
30 85.89329 27.8036 15 1250 1500
31 85.89425 27.80022 30 949 1000
32 85.89475 27.80006 13 522 300
33 85.89492 27.79994 7 937 1000
34 85.89613 27.7986 52 1971 2500
35 85.88417 27.77117 1 628 500
36 85.77906 27.73006 63 3778 5000
Total 1,415 214,751 372,100
No. 6 and No. 7 landslide-damaged sections were caused by one landslide
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Table 2 Information of damaged along the Pasang Lhamu











1 85.24384 27.82563 12 166 100
2 85.23569 27.82943 14 613 500
3 85.20104 27.83575 14 275 200
4 85.13849 27.8637 17 628 500
5 85.18591 27.98131 18 311 200
6 85.1884 27.98278 14 197 100
7 85.18866 27.98288 16 209 100
8 85.18777 27.9828 50 1144 1200
9 85.21029 28.00465 16 336 300
10 85.2181 28.01873 9 177 100
11 85.22025 28.02089 21 553 400
12 85.22087 28.02175 28 2766 4000
13 85.22311 28.02457 40 32568 80000
14 85.22349 28.02528 48 17673 50000
15 85.22334 28.02617 39 10247 20000
16 85.22309 28.02716 45 9266 20000
17 85.22299 28.02766 18 10071 20000
18 85.21933 28.0394 14 199 100
19 85.22441 28.04657 14 227 100
20 85.22547 28.04732 7 171 100
21 85.22722 28.04826 24 805 800
22 85.22892 28.05021 22 279 200
23 85.22869 28.05054 14 103 100
24 85.22923 28.05373 5 271 200
25 85.22867 28.05858 19 11564 5000
26 85.22811 28.06002 53 3790 5000
27 85.22798 28.061 67 7609 15000
28 85.22674 28.0633 57 5222 10000
29 85.22643 28.06371 19 1815 2000
30 85.22562 28.0644 28 9168 20000
31 85.22542 28.06454 15 3018 4000
32 85.22515 28.06481 14 525 300
33 85.22494 28.06501 21 2679 3000
34 85.22447 28.06545 31 5012 5000
35 85.22374 28.06637 36 3662 5000
36 85.22535 28.06689 25 2876 4000
37 85.22884 28.06806 59 11267 20000
38 85.23007 28.06827 99 20358 60000
39 85.23904 28.07238 209 54607 200000
40 85.25552 28.0772 16 920 800
41 85.2558 28.07737 11 152 100
42 85.25023 28.07813 13 500 300
43 85.277 28.09335 18 241 100
Table 2 Information of damaged along the Pasang Lhamu
Highway and associated coseismic landslides (Continued)
44 85.27853 28.09454 15 169 100
45 85.2867 28.10178 9 95 100
46 85.28784 28.104 7 109 40000
47 85.2877 28.10459 104 15961 3000
48 85.28754 28.1055 30 2082 3000
49 85.28715 28.10675 14 577 500
50 85.31217 28.10857 19 1711 2000
51 85.31202 28.10873 22 1306 1500
52 85.31183 28.11008 60 10024 250000
53 85.31135 28.11061 49 4482 8000
54 85.31117 28.11098 17 1550 2000
55 85.29239 28.11159 24 555 500
56 85.31072 28.11175 41 3888 6000
57 85.31043 28.11217 55 7463 15000
58 85.29454 28.11298 6 168 100
59 85.30909 28.11914 11 117 100
60 85.30815 28.12234 14 5918 12000
61 85.30685 28.12406 4 357 300
62 85.34242 28.17233 25 957 1000
63 85.34248 28.17269 31 4223 8000
64 85.34254 28.17314 14 1996 2000
65 85.3426 28.17358 63 21402 60000
66 85.34237 28.178 18 1374 2000
67 85.34225 28.17896 11 695 800
68 85.3439 28.18229 14 197 100
69 85.34455 28.18387 17 4005 6000
70 85.34617 28.18621 30 33718 100000
71 85.34634 28.18678 57 32800 100000
72 85.34741 28.18903 16 565 500
73 85.34761 28.18932 24 8214 10000
74 85.34883 28.19127 59 18536 30000
75 85.34972 28.19332 14 445 300
76 85.35092 28.19643 19 398 300
77 85.35147 28.19703 41 4677 80000
78 85.35182 28.19742 27 3538 5000
79 85.35224 28.19803 13 1716 1000
80 85.35285 28.19931 19 3032 3000
81 85.35292 28.19967 12 1805 1000
82 85.35304 28.20057 43 2852 5000
83 85.35425 28.20403 41 1693 2500
84 85.35507 28.20837 38 4976 10000
85 85.35804 28.2197 102 13969 40000
86 85.36041 28.22164 19 3995 5000
87 85.36106 28.22261 107 14279 30000
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indicate a large rock slide located at 28.079°N, 85.194°W.
It occurred at the lower part of the slope and blocked the
valley. However, they did not create a lake because of the
small area of the catchment upstream. The red dotted ar-
rows show a shallow, disrupted landslide originated from
a ridge (located at 28.08°N, 85.208°W). Most of the land-
slides shown in Fig. 6a are distributed along the rivers,
likely associated with river incision or loose deluvium with
high landslide susceptibility.
Landslide damage to the two roads
The Pasang Lhamu Highway and Araniko Highway are
two most important roads connecting Nepal and China.
The Araniko Highway links Kathmandu, Nepal and
Nielamu County, China. In this study, the section of the
Araniko Highway between the place (27.987262°N,
85.982552°E) nearby Zhangmu Port and the location
(27.678835°N, 85.349647°E) southeast to Kathmandu
was selected as the target to investigate the damage of
coseismic landslides on the road. This section of Araniko
Highway is about 117.3 km long. Based on visual inter-
pretation of high-resolution satellite images and field in-
vestigations, we delineated 35 coseismic landslides
damaging the Araniko Highway at 36 places. The longest
section of the road damaged is about 156 m long which
was buried by a landslide at 27.91744°N, 85.93064°E.
Considering the previous correlations between area and
volume of individual landslides (Larsen et al. 2010; Xu et
al. 2016b) and field investigations, the total volume of the
35 coseismic landslides was estimated to be about 0.37
million m3. Figure 7 shows the Araniko Highway damaged
by coseismic landslides on satellite images at four places.
Table 1 lists the detailed information on the 35 coseismic
landslides and hazards on the road they caused.
The Pasang Lhamu Highway connects Kathmandu,
Nepal and Gyirong County. The length of the section
between the point (27.735268°N, 85.305939°E) northwest
to Kathmandu and the point (28.278972°N, 85.377904°E)
China-Nepal border is about 139.3 km. Visual interpret-
ation of satellite images and field investigations allowed
us to delineate 89 coseismic landslides that damaged the
Table 2 Information of damaged along the Pasang Lhamu
Highway and associated coseismic landslides (Continued)
88 85.36698 28.25649 44 2549 4000
89 85.37802 28.27514 92 21169 60000
Total 2,842 500,552 1,470,600
(a)                               (b) 









Fig. 8 Damaged sites along Pasang Lhamu Highway by coseismic landslides on satellite images. The detailed information of the landslides and
associated damages on the road is listed in Table 2. a the No. 11 and 12 landslides, (b) the No. 28~36 landslides, (c) the No. 59, 60, and 61
landslides, (d) the No. 62, 63, 64, and 65 landslides along Pasang Lhamu Highway. All the satellite images were acquired on 3 May, 2015





























Fig. 10 Relationships between elevation class (horizontal axis), its area (vertical axis on left) and landslide number density (LND, vertical axis on right)
Fig. 9 Distribution map of coseismic landslides in the 5-km buffer area on either side the Araniko Highway
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Pasang Lhamu Highway. The total length of damaged or
buried roads is about 2,842 m, of which the longest sec-
tion is about 209 m long, caused by a landslide located
at 27.91744°N, 85.93064°E. The total volume of the 89
landslides was estimated to be 1.47 million m3. Figure 8
shows satellite images of coseismic landslides along the
Pasang Lhamu Highway. Table 2 shows the detailed in-
formation on the 89 coseismic landslides and their haz-
ards on the road.
Landslide inventory along the Araniko highway
On either side of the 117.3 km-long Araniko Highway, we
constructed a 5-km buffer region to construct a detailed
and complete point-based coseismic landslide inventory.
The area of this buffer region is 1,027.4 km2. Individual
coseismic landslides were mapped as points at the central
of the landslide. Consequently, we mapped 3,005 coseismic
landslides in the area (Fig. 9), and calculated the landslide
number density to be 3,005/1,027.4 km2 = 2.925 km-2. The
spatial distribution of the coseismic landslides along the
Araniko Highway is quite uneven. Most of the landslides
occurred in the mountainous areas to the north, where the
landslide inventory is complete and detailed, i.e. small land-
slides are included. The buffer area only accounts for less
10% than the primary affected area of the main shock. The
buffer area is approximately normal to the strike of the
seismogenic structure (EW trending). Usually the seismic
landslide density along the causative fault is uniform.
Therefore, we estimated the Gorkha quake triggered at
least 30,000 landslides. Several other teams have released
coseismic landslides related to the Gorkha quake. For
example, Kargel (Kargel et al. 2016) only mapped 4,312
coseismic and postseismic landslides. A team from British
Geological Survey et al. (British Geological Survey et al.
2015) identified about 5,600 coseismic landslides as poly-
lines marking the location and movement path from head
to toe of a landslide. Therefore, there might be false nega-
tive errors (omissions) in these released inventories of
landslides triggered by the Gorkha quake.
Spatial distribution of landslides along the Araniko
highway
As a common index to reflect landslide abundance,
landslide number density was employed as the index to
measure spatial distribution of the 3,005 landslides in
the 5-km buffer area of the Araniko Highway. In this
study, five controlling factors including elevation, slope
angle, slope aspect, lithology, and seismic intensity were
selected to analyze their correlations with the landslides
(Figs. 10, 11, 12, 13 and 14). The DEM of the area was
derived from SRTM in 3 arc-second, which permitted to
determine the elevations of the buffer area vary from
610 m to 4,750 m. The study area was divided into six
classes based on 500 m of elevation intervals, i.e. 610–
1000 m, 1000–1500 m, 1500–2000 m, 2000–2500 m,


























































Fig. 12 Same as Fig. 10 but for slope aspects (horizontal axis)
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elevations of most of the area (814.97 km2, 79.3% of the
total) are lower than 2,000 m. The class 1000–1500 m
occupies the largest area, which is 433 km2, accounting
for 42.1% of the total. The class 2,000-2,500 m registered
the largest LND value, which is 10.3 km-2. The landslide
number density values gradually decrease at the eleva-
tions higher than 2,500 m and lower than 2,000 m.
Slope angle is an important controlling factor of
coseismic landslides. In this study, the slope angle of the
buffer area ranges from 0° to 74°, which was divided into
9 classes with an interval of 5°. Majority of the area
(780.7 km2, 76% of the total) has slope angles lower than
30°. As shown in Fig. 11, the landslide number density in-
creases with the growing slope angle. The class >40° cor-
responds to the largest LND value, which is 12.92 km-2. In
addition, the LND curve shows a concave form, implying
the LND increases with the slope angle gradually. This
suggests a very strong control of the slope angle on the
coseismic landslides. Such a situation is also common in
other earthquake events (Gorum et al. 2014; Xu et al.
2014; Xu et al. 2015; Tian et al. 2016).
Slope aspects (or facing directions) can affect the pat-
tern of coseismic landslides because slopes with different
aspects have varied responses to the movement direc-
tions of blocks or the propagating direction of seismic
waves. The study area has nine classes of slope aspects,
i.e. flat, north (N), northeast (NE), east (E), southeast
(SE), south (S), southwest (SW), west (W), and
northwest (NW). Fig. 12 shows the correlations between
the slope aspect, area of its classes and landslide number
density. It is clear that the slope aspects E and SE cor-
respond to the two largest LND values, which are
4.87 km-2 and 4.58 km-2, respectively. This is perhaps re-
lated to the movement direction of the hanging wall of
the seismogenic fault or the propagation direction of
seismic wave (Shen et al. 2016). The study area is located
east of the epicenter of the Gorkha main shock, and thus
the propagating direction of seismic waves is eastward.
During the Gorkha earthquake, the hanging wall of the
fault, where the buffer area is located, moved toward
south and probably generated inertia effect to the south.
In addition, the slopes of southward aspect in the area
are easily exposed to sunlight and rainfall, thus leading
to widespread weathering layers and high susceptibility
to seismic landslides.
The Gorkha earthquake affected area can be divided
into a series of east-west trending major tectonic regions
by three major active fault zones, including MFT, MBT,
and MCT (Le Fort 1975; Nakata 1989; Upreti 1999;
Wesnousky et al. 1999; Mukherjee 2015). Based on the
geologic map of South Asia, the study area has five clas-
ses of lithology (rock types) generally from north to
south, i.e. Tertiary igneous rocks (Ti), Precambrian
rocks-1 (Pc1), Precambrian rocks-2 (Pc2), Precambrian
rocks-3 (Pc3), and Mesozoic intrusive rocks (Mi).


























































Fig. 14 Same as Fig. 10 but for seismic intensity (horizontal axis)
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class area and landslide number density. The three
groups of Precambrian rocks cover most of the area,
which is 942.8 km-2, occupying 91.8% of the total. The
lithology class Pc1 registered the largest landslide num-
ber density, which is 8.32 km-2.
Seismic intensity and peak ground accumulation
(PGA) are two common proxies representing the degree
of seismic energy and often used to explore the effect of
earthquakes on landslides. The PGA distribution map
released by USGS (www.usgs.gov) is rather irregular in
the 5-km buffer area of the Araniko Highway because
the buffer area is relatively small and there are perhaps
significant errors generated by numerical simulation and
limited stations. Therefore, we preferred to analyze the
correlation between coseismic landslides and seismic in-
tensity in this study. The seismic intensity map of the
Gorkha earthquake was produced by China Earthquake
Administration (CEA) (Fig. 1). Only VIII and IX inten-
sity zones appear in the study area, which have the land-
slide number density values 0.32 km-2 and 3.5 km-2,
respectively (Fig. 14). Despite merely two data points,
these data show a positive correlation with the coseismic
landslides, i.e. the place with larger seismic intensity has
a higher landslide number density.
Landslide hazard assessment
In the aforementioned 5-km buffer area of the Araniko
Highway, the WI vales were calculated to each class of all
the five controlling factors, respectively. Then, the weighted
thematic maps of the five factors were produced and were
superposed to derive a landslide hazard index (LHI) map:
LHI ¼ WIElevation þWISlope angle þWISlope aspect
þWILithology þWISeismic intensity ð2Þ
The WI values indicate the relative importance of each
factor to landslide hazard. Positive WI values mean the

























Fig. 15 The area under the curve representing the success ratio of
the landslide hazard assessment. Area % means the percentage of
area to the study area for each factor class. Landslide number %
means the percentage of landslide number in a factor class to the
total landslide number
Table 3 Weight index values of various classes of five
controlling factors
Factor Class area Landslide number LND WI
Elevation
610–1000 m 155.94 159 1.02 -1.05
1000–1500 m 433 438 1.01 -1.06
1500–2000 m 226.03 1000 4.42 0.41
2000–2500 m 95.24 981 10.3 1.26
2500–3000 m 58.83 327 5.56 0.64
3000–4750 m 58.39 100 1.71 -0.54
Slope angle
0–5° 139.07 15 0.11 -3.3
5–10° 86.75 42 0.48 -1.8
10–15° 96.61 71 0.73 -1.38
15–20° 141.86 144 1.02 -1.06
20–25° 163.49 290 1.77 -0.5
25–30° 152.92 458 3.00 0.02
30–35° 115.59 641 5.55 0.64
35–40° 76.65 640 8.35 1.05
40–74° 54.5 704 12.92 1.49
Slope aspect
Flat 16.63 6 0.36 -2.09
N 120.07 300 2.50 -0.16
NE 131.27 459 3.50 0.18
E 112.63 549 4.87 0.51
SE 119.02 545 4.58 0.45
S 121.36 305 2.51 -0.15
SW 158.51 295 1.86 -0.45
W 127.22 312 2.45 -0.18
NW 120.72 234 1.94 -0.41
Lithology
Ti 29.34 101 3.44 0.16
Pc1 308.10 2564 8.32 1.05
Pc2 288.82 324 1.12 -0.96
Pc3 345.91 16 0.05 -4.15
Mi 55.26 0 0 -14.89
Seismic intensity
VIII 185.60 60 0.32 -2.2
IX 841.84 2945 3.5 0.18
Lithology type Mi registered no landslide. In order to avoid ln(0) in calculating
WI value, we assigned the LND value of the class Mi with 0.000001, i.e. a small
enough value, and the WI value of the class is -14.89
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whereas negative WI values represent the opposite. WI
values close to zero mean moderate probabilities of oc-
currence of coseismic landslides. Results show the LHI
of the area is in the range from -23.546 to 4.48. In order
to examine the validity of the model, the 3,005 coseismic
landslides aforementioned were employed to compare
the known landslides with the landslide hazard index
map. By referring to a common method, the regional
area was categorized into 100 classes with a same area
by the LHI value and the percentages of landslide num-
ber in each class were calculated. Then, a correlation
curve between cumulative area percentages and cumula-
tive percentage of landslide number from high to low
LHI in a descending order was drawn (Fig. 15). It shows
the area under the curve (AUC) is as much as 85.9%, i.e.
a quite satisfactory success ratio. The curve also reveals
that 10% of the area with the highest landslide hazard
index could cover 1,514 landslides, about 50.4% of the
total. Likewise, 20 and 30% of the area with the highest
landslide hazard index can account for 2,207 and 2,645
landslides, about 73.4 and 88% of the total, respectively.
We applied the WI values in Table 3 to a larger area,
i.e. the rectangle in Fig. 1, to construct a landslide haz-
ards map. For the areas with factor-attribute values be-
yond the ranges of the 5-km buffer area, they are
classified into the classes that are closest to them. The
elevation ranges from 291 m to 7968 m in the area. The
area with elevation less than 610 m was classified into
the class 610–1000 m and the area with elevation higher
than 4,750 m was classified into the class 3000–4750 m.
The range of slope angle of the rectangle area is 0–81.7°,
therefore, the range of 74°–81.7° was merged into the
Fig. 16 Landslide hazard map for a part of the Gorkha earthquake region
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class 40–74°. The northern part of the rectangle area
outcrop several other lithology types, such as Quaternary
perennial ice and snow, Quaternary sediments, Neogene
granite, Triassic metamorphic and sedimentary rocks,
and Cretaceous sedimentary rocks. The northern rock
group located at the northern part of the study area was
not subdivided further because of limited geologic infor-
mation there. The WI values of these lithology types
were assigned the values same as the type Tertiary igne-
ous rocks (Ti). The rectangle area includes three seismic
intensity zones, i.e. VII, VIII, and IX (Fig. 1). The seismic
intensity VII is out of the range of the 5-km buffer area
and its WI value was calculated by linear extrapolation,
which is -4.58. Subsequently, we constructed the LHI
map of the rectangle area. We divided the map into four
classes, i.e. very low, low, high, and very high, based on
three breakpoints of the index values, i.e. -3, -1, 1, and 3.
Figure 16 shows the derived landslide hazard map of the
study area. The high zone and very high zone show a
NWW-SEE directed distribution, which is coincident
with the seismogenic fault and earthquake damage area.
Figure 17 shows a three-dimensional view on the land-
slide hazard map. We overlaid the hazard map with 50%
transparency on satellite images of the Google Earth
platform. However, several limitations of this result
should be noted, including (1) Only five common factors
were considered, while there should more factors can
affect the occurrence of the coseismic landslides, such as
rivers and seismogenic fault. (2) The weight value
method is a bivariate method, interactions among factors
cannot be considered; and (3) WI values were calculated
based on the 3,005 landslides in the 5-km buffer area
along the Araniko Highway. Of course, it is inferior to
use of a complete inventory of landslides throughout the
earthquake-affected area. These limitations are expected
to be improved in future research.
Conclusions
Based on high-resolution satellite images, field investiga-
tion, and GIS technology, we examined the coseismic
landslides of the 2015 Gorhka, Nelpal earthquake that
blocked or damaged the Araniko Highway (117.3 km)
and Pasang Lhamu Highway (139.3 km) in Nepal. Re-
sults show 35 coseismic landslides damaged the Araniko
Highway with a total length of the sections of the dam-
aged road about 1,415 m. The total volume of these 35
coseismic landslides was estimated to be about 0.37
million m3. We delineated 89 coseismic landslides that
damaged the Pasang Lhamu Highway. The total length
of the damaged or buried roads is about 2,842 m. The
total volume of these 89 landslides was estimated to be
1.47 million m3. In the 5-km buffer area on either side
of the Araniko Highway, we mapped 3,005 landslides
caused by the Gorkha earthquake. The landslide number
density of the buffer area is 2.925 km-2. Correlations be-
tween the landslides and five controlling factors were
Fig. 17 A printing screen showing a three-dimensional perspective on the landslide hazard map. View to north
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analyzed based on the bivariate method. The results
show the elevation class 2,000–2,500 m has the highest
landslide concentration. The landslide number density
value increases with the slope angle. The slope aspects E
and SE correspond to the highest concentrations of
coseismic landslides. The underlying bedrock of Precam-
brian rocks-1 (Pc1) registered the largest landslide num-
ber density. The area with seismic intensity IX has a
much higher LND value than the area of the intensity
VIII. We used the weigh index method to perform land-
slide hazard assessment in the 5-km buffer area. Result
shows the success ratio as high as 85.9%. In addition, we
prepared a landslide hazard assessment map for a larger
area encompassing Rasuwa and Sindhupalchok counties
of Nepal. It indicates the areas most likely to be prone
to coseismic landslides, which would be helpful for con-
structing a more detailed and complete coseismic land-
slide inventory map throughout the earthquake-affected
area subsequently. The result is also helpful predict the
locations of landslides triggered by subsequent events, e.g.
strong aftershocks and rainfalls, which would be a scien-
tific reference for restoration, reconstruction, and land-
slide reduction and mitigation in the Gorkha earthquake-
affected area.
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